This paper describes a novel approach for the actuation of a Ni-Mn-Ga single crystal in the martensite phase using transverse acoustic waves. The acoustic waves, generated by piezoelectric stacks, produce shear stress levels high enough to induce twin boundary motion in the Ni-Mn-Ga crystal. By using repeated asymmetric pulses, the crystal can be made to transform reversibly from one of two variants to the other. The resulting engineering shear strain as the crystal transforms is theoretically as high as 12%. Two experimental apparatuses were developed that are able to produce actuation through this acoustic mechanism. In the first, two 33-mode piezoelectric stacks are mounted at a 45 deg angle to the base of a single Ni-Mn-Ga crystal. This geometry allows the longitudinal motion of each stack to be converted into transverse motion of the Ni-Mn-Ga crystal. In experiments using this apparatus, we were able to obtain 7.7% engineering shear strain over the length of the Ni-Mn-Ga crystal, and about 10.6% engineering shear strain over that portion of the crystal that exhibited twin boundary motion, close to the theoretical maximum. Some portions of the crystal appeared to be inactive, due to locking of incompatible twin systems. In the second apparatus, a single 15-mode piezoelectric stack was used to generate shear waves directly. In preliminary testing, we were able to achieve only about 1.9% engineering shear strain, probably due to incomplete conditioning of the Ni-Mn-Ga crystal to improve twin boundary motion.
INTRODUCTION
Ferromagnetic shape memory alloys (FSMAs) are shape memory materials that, in single crystal form, can produce large strains due to twin boundary motion. These strains can be generated either by an applied mechanical stress, or by a stress induced by a magnetic field. The ability to actuate these materials magnetically has produced considerable interest in their possible use as active materials.
FSMAs have a lower energy density than thermally actuated SMAs, but potentially a much higher bandwidth. FSMA materials have a mechanical energy density that is comparable to mature active material technologies such as piezoelectric ceramics (e.g., PZT) and magnetostrictive materials (e.g., Terfenol-D). FSMAs produce strains of 6% 1 to 10%, 2, 3 considerably higher than the strains produced by PZT or Terfenol-D, which are on the order of 0.1%. However, the stress levels produced by FSMAs are much lower, so that the material energy density (product of stress and strain) is comparable to that of PZT.
The large magnetic field required for FSMA actuation, from 0.4 T to 0.8 T to reach saturation magnetization, 1, 4 is not trivial to produce. Electromagnets designed to provide the required field continuously or with duty cycles greater than a few percent must be substantially larger than the FSMA crystal itself. Theoretical designs 5 and commercially developed actuators 6 show that electromagnets built for continuous FSMA actuation must be approximately 200 times the volume of the FSMA crystal to be actuated.
Recently, Chambers
5 and Chambers, Hall, and O'Handley 7 demonstrated a novel actuation method for FSMAs that eliminates the need for a magnet entirely. In this method, asymmetric acoustic pulses are used to extend or contract the crystal, by moving one or more twin boundaries as each pulse travels through the crystal. Chambers et al. used a piezoelectric stack to generate longitudinal stress waves in an FSMA crystal, producing strains on the order of 5%.
In this paper, we present a method for producing transverse actuation of an FSMA crystal. Transverse actuation may be preferred over longitudinal actuation, for two reasons. First, the strains induced along twin boundaries in an FSMA crystal are shear strains, and orienting the crystal for transverse operation results in the acoustic wave having a direct effect on the shear stress at the twin boundary, rather than an indirect effect as in longitudinal operation. Second, the orientation of the twin boundaries in longitudinal operation is necessarily at a 45 deg angle to the long axis of the crystal. This orientation of the twin boundaries results in material at each end of the crystal that cannot be used for actuation. In contrast, the orientation of the twin boundaries for transverse operation is perpendicular to the long axis of the crystal, and all of the crystal can be used for actuation.
The paper is organized as follows. In Section 2, the important crystallographic features of Ni-Mn-Ga, especially those relating to acoustic actuation, are described. In Section 3, we discuss the requirements for achieving acoustic actuation of a twinning material, for both longitudinal and transverse actuation. In Section 4, the experimental setup used to demonstrate transverse actuation of a Ni-Mn-Ga crystal is described, including preparation of the FSMA samples, and two test apparatuses. Section 5 describes the results from our preliminary experiments.
CRYSTALLOGRAPHY OF Ni-Mn-Ga
The Ni-Mn-Ga alloy used in this study, Ni 52. 4 Mn 25.8 Ga 21.8 , has a composition that differs slightly from the stoichiometric Heusler composition Ni 2 MnGa. For this composition, the material is martensitic at room temperature, and the crystal structure is tetragonal, with I4/mmm-symmetry. 8 This structure is characterized by a unit cell in which two of the axes have the same length (denoted a), while the third axis (the c-axis) is shorter. For tetragonal Ni-Mn-Ga, the ratio of these lengths, c/a, is approximately 0.94. 9 Above the austenitic transformation temperature, the material is austenitic, and has a cubic crystal structure with F m3m symmetry 8 .
In the martensite phase, Ni-Mn-Ga is able to deform by twin boundary motion. This process is illustrated in Figure 1 , in which a single crystal containing two martensite variants is illustrated. The face of the crystal shown in the figure is a {100} plane, while the top and sides are {110} planes.
* The active twin system consists of those {110} planes that are parallel to the top of the crystal. Note that the c-and a-axes are in reality much closer in length (c/a = 0.94); the difference has been exaggerated to illustrate the deformation process more clearly. Below the twin boundary, the c-axis of each unit cell is oriented toward the upper right (variant A). Immediately above the twin boundary, the c-axis is oriented toward the upper left (variant B). The unit cells along the boundary are neither variant A nor variant B. When a shear stress τ is applied as shown, atoms immediately below the twin boundary undergo a translation such that the unit cells along the twin boundary become cells of variant B, effectively moving the twin boundary downward. As the volume fraction of variant B increases at the expense of variant A, a net macroscopic strain develops in the direction of the applied shear stress. The maximum engineering shear strain, γ max , that can be produced in this way is approximately 12% for a c/a ratio of 0.94.
In the work of Chambers 5 and Chambers et al., 7 the FSMA crystal was a rectangular prism, with each face of the prism a {100} plane. We refer to this as a "100-cut" crystal. In this configuration, the active twin planes are {110} planes, with their normal directions at about a 45 deg angle to the longitudinal axis of the crystal. In this configuration, longitudinal stress waves produce twin boundary motion that results in a net elongation of the crystal. In the work presented here, the crystal is cut such its longitudinal axis is in a 110 direction, four of the six faces (including the two ends) are {110} planes, and two opposite faces are {100} planes. We refer to this as a "110-cut" crystal. In this configuration, the active twin planes are parallel to the end faces of the crystal, and therefore normal to the longitudinal direction of the crystal.
As mentioned earlier, this configuration has significant advantages over the 100-cut configuration. First, in the case of the 100-cut crystal employed by Chambers, the 45 deg twin boundaries cannot move past the corners of the crystal, and therefore there is a triangular region at each end of the crystal that will not transform between variants. In the present configuration, if the crystal is cut accurately, the twin planes will be parallel to the ends, so that the entire crystal can transform. Also, since the deformation of the crystal is essentially a pure shear parallel to the twin planes, a 110-cut crystal maximizes the useful displacement that can be generated from a given size crystal.
ACOUSTIC ACTUATION
In order to deform a material by twinning, the component of shear stress parallel to the twin plane must exceed a threshold stress, called the twinning stress, of the material. In Ni-Mn-Ga, the twinning stress is on the order of 1-2 MPa, 1 and may be produced in one of several ways: by the application of a magnetic torque to a crystal that is constrained not to rotate, by the direct application of mechanical stress, or by the indirect application of stress produced by the propagation of acoustic waves within the material. Acoustic actuation is achieved by the propagation of highly asymmetric stress wave pulses into a Ni-Mn-Ga crystal. In the experiments reported on here, piezoelectric stack actuators are used to generate these pulses. In order to produce an asymmetric pulse, the stack is charged (or discharged) rapidly, and then allowed to discharge (or charge) at a much slower rate. Since the stress at the stack / FSMA interface increases with the velocity of the stack surface, the difference in charging and discharging rates allows a stress pulse to be produced in which the maximum applied stress in one direction exceeds the twinning stress, while the maximum stress in the opposite direction does not.
As an illustration, Figure 2 shows a longitudinal stress pulse generated by a 33-mode piezoelectric stack, mounted to the end face of a Ni-Mn-Ga single crystal. The crystal was of similar dimensions to those used in the current work, although it contained no mobile twin boundaries. This eliminated any effect of twin boundary motion on the measured waveform, and allowed the purely elastic response to be examined. Note that this configuration, with a normally-incident 33-mode stack, is similar to that used by Chambers et al. 7 for longitudinal actuation, and does not correspond to the transverse actuation currently under investigation. The stress was measured by means of a single layer piezoelectric sensor located between the stack and crystal, and the velocity estimated by measuring the current into the stack. . Stack velocity and stress as a function of time, for a longitudinal pulse generated by a 33-mode piezoelectric stack. The velocity is plotted against the axis on the left, and the stress against the axis on the right. Note that a positive displacement of the stack surface (toward the FSMA) gives a negative (compressive) stress. The stress sensor is located at the interface between the stack and a non-twinning crystal of Ni-Mn-Ga. This longitudinal configuration does not correspond to the transverse actuators described in this paper, but is included as an illustration of the relationship between stack velocity and stress pulse magnitude.
Although the experiments presented here involve the propagation of bulk shear (i.e. transverse rather than longitudinal) waves, and the elastic response may not correspond exactly to that of a crystal undergoing twin boundary motion, it is illustrative to consider the case of linear elastic longitudinal waves, and to approximate the crystal as a slender rod. If the cross-sectional area A satisfies
where c L is the longitudinal wave speed, τ is the characteristic period of the pulse, and J is the polar moment of inertia of the cross section, then the approximation gives reasonable agreement. Provided Equation (1) holds, the effects of Poisson expansion or contraction may be ignored, and the solution gives non-dispersive waves.
The governing equation for the one-dimensional approximation is
where u is the displacement x is the spatial coordinate, t is time. The wave speed c L is related to the Young's modulus, E, and the density, ρ, by
The solution has the form
where f and g represent right-and left-going waves, respectively. If only the right-going wave is examined for simplicity, the material velocity will be given by
The longitudinal stress, σ, is related to the strain, = ∂u/∂x, by
From Equations (5) and (6), we obtain
Equation 7 shows clearly the linear dependence of the transient stress on the material velocity.
Given that Ni-Mn-Ga is characterized by a threshold twinning stress, and that when this threshold is exceeded twin boundaries are observed to move with a finite velocity, it is clear that the stack velocity (equal to the material velocity at the interface) should be high enough to exceed the threshold in the desired direction. For a stack producing a given displacement, however, increasing the velocity will necessarily decrease the time during which a sufficient stress can be produced during each pulse.
Furthermore, as the characteristic wavelength of the pulse gets shorter, the scattering effects of small inhomogeneities, in both geometric and material properties, become more significant. Therefore, there are disadvantages to simply maximizing the velocity of the stack surface. The optimization of the pulse shape will be an important aspect of the design of this actuator.
Returning to Figure 2 , the correspondence between the velocity and stress during the initial part of the stress wave is evident. After the initial peak, several peaks of lower amplitude are observed to follow. These are the result of reflections from the far end of the crystal, which is glued to a reflector. The reflector material and design are chosen in order to maximize the impedance of the reflector. If the reflector has a higher impedance than the crystal, then the reflected stress pulses reflected from the boundary will be of the same sign. The greater the acoustic mismatch, the larger the amplitude of the reflected pulses. In addition, the reflector may be designed in order to maximize dispersion of waves traveling within it, by for example giving it a highly non-uniform cross-section. In this manner, the reflections from the free end of the reflector, which will be of the opposite (and hence undesirable) sign, will be greatly reduced in amplitude, and will not lead to reverse actuation.
For transverse, or bulk shear (SV) waves, as generated in current experiments, the equations differ in form, though the principles are similar. The propagating waves will have both shear components and flexural components, and the resulting wave equation is fourth order in the spatial derivative. As a result, the waves will be dispersive, rather than non-dispersive as in the case of longitudinal waves. Nevertheless, the design principles are similar, and the basic requirement for actuation is that an asymmetric wave be generated, such that the shear stress in one direction exceeds the twinning stress, but is below the twinning stress in the opposite direction.
EXPERIMENTAL SETUP

Sample Preparation
The Ni-Mn-Ga crystals used for actuation were cut by electrical discharge machining (EDM) from single crystal boules prepared at the Materials Preparation Center at Ames Laboratory. The single crystals were grown by the Bridgman technique, with mean composition of Ni 52. 4 Mn 25.8 Ga 21. 8 . This composition has yielded actuating crystals more consistently than other slightly different compositions. The cut crystals were rectangular prisms measuring approximately 5 mm × 5 mm in cross-section, and approximately 12 mm in length. To allow transverse actuation, each crystal was oriented such that its long axis was aligned as closely as possible to a 110 direction.
The cut samples were then polished mechanically to a near mirror finish, for several reasons. First, polishing improves the visibility of twin boundaries and the contrast between variants, making it easier to visualize twin boundary motion. Second, by minimizing the roughness of the surfaces, the effects of random scattering from large asperities can be mitigated. Finally, and most importantly, small notches on the surface lead to stress concentrations that will tend to form cracks. Due to the brittleness of the material, these cracks will often propagate across the entire crystal within a few actuation cycles.
Once polished, the samples were prepared for annealing. This heat treatment is carried out in order to reduce the presence of dislocations, as well as to help erase any memory of prior twinning systems. As received, the untreated crystals will usually contain multiple twinning systems, since there are three possible {110} planes along which twin boundaries can form. This problem is exacerbated by the cutting and polishing processes, which can subject the crystal to stresses that are high enough to initiate twinning. If left untreated, twin boundaries differing in orientation will tend to intersect during actuation, which can cause previously mobile twin boundaries to lock in place and become immobile. Further attempts at actuation will often lead to crack formation at these intersection sites.
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Prior to annealing, the samples were encapsulated in quartz ampoules. In order to avoid the potential formation of manganese silicates due to chemical reactions between the samples and the ampoule surface, the samples were first wrapped in molybdenum wire. A tantalum getter was also placed in each ampoule to react preferentially with any oxygen that might remain in the tube after encapsulation. The ampoules were then evacuated and filled with argon gas prior to sealing.
Next, the encapsulated samples were placed in a furnace for heat treatment. The temperature was increased at a rate of 5
• C/min to the maximum annealing temperature of 900
• C, and held constant for 24 hours. The temperature was then reduced by 5
• C/min to 500
• C, and this temperature was maintained for 2 hours; at this temperature, the structure acquires the L2 1 ordering characteristic of a Heusler alloy.
10 Finally, the temperature was reduced at the same rate to 200
• C, and then held constant until the sample was removed from the furnace. The purpose of this final step is to keep the crystal in the austenitic phase, preventing the formation of randomly oriented martensitic variants.
In order to bias the crystal in favor of a single twin system, it is necessary to cool the sample under a stress that favors the desired variant. The crystal will tend to align the c-axis as closely as possible to the direction of the principal compressive stress. For a 100-cut crystal, as required for longitudinal actuation, this may be accomplished by cooling the sample under a large compressive axial stress. For the orientation used here, however, mechanical training would require generating a large shear stress on the end faces of the crystal as it cooled. This proved to be impractical, due to the high initial temperature of the crystal and the speed at which it cools. Therefore, a magnetic training method was developed. Figure 3 shows a 110-cut crystal undergoing magnetic training during cooling. Initially, the crystal is at approximately 200
• C, and is therefore in the austenite phase. All three crystallographic axes have the same length, and none will tend to align with the field. This is shown in Figure 3(a) , where the applied magnetic field is represented by B 1 . In part (b) of the figure, the temperature has fallen below the martensitic transformation temperature. The lattice becomes distorted tetragonally and tends to form a single variant with its c-axis aligned close to the field direction. The direction of the field should be parallel to one of the 100 directions lying in the in the plane of the figure. For tetragonal Ni-Mn-Ga, if the twin plane is parallel to the end faces of the crystal, these directions are at approximately ±45 deg to the long axis of the crystal.
Next, the field is rotated to the direction B 2 as shown in Figure 3(c) . If the crystal were able to move freely, it would rotate so that the original c-axis remained aligned with the field. Since the crystal is constrained not to rotate, the torque on the crystal results in a shear stress in the material. This stress is properly aligned to transform the crystal to the desired second variant, with twin planes parallel to the end faces of the crystal. In practice, the crystal is rotated by means of a holder mounted to a shaft in a stationary magnetic field of approximately 6 kG while it cools from the austenitic to the martensitic phase, so that the magnetic relative to the crystal alternates between B 1 and B 2 .
Double Stack Configuration
The first configuration that was tested for transverse actuation employed two 33-mode (longitudinal) piezoelectric stacks (Piezo Systems, Inc. model TS18-H5-104), which were joined to a triangular titanium element such that the stacks were oriented at approximately 45 deg to the long axis of a 110-cut single crystal of Ni-Mn-Ga. (See Figure 4. ) This allows the generation of acoustic waves in the FSMA crystal that have a large transverse component, so that there is a large component of shear stress resolved along the twin boundaries which can effect twin boundary motion. Titanium was chosen for the triangular prism joining the stacks to the crystal because its acoustic impedance is very close to that of the piezoelectric stacks. Because the stacks are not pre-stressed, they can only be used to generate compressive waves by rapid expansion. Thus, in order to allow bidirectional actuation, two stacks are used. Each stack operates alone to generate shear waves in one of two directions.
A steel reflector, with a cross-sectional area A R ≈ 2A FSMA , was affixed to the opposite end of the crystal from the stack assembly. The parts were bonded with different adhesives depending on their orientation; at interfaces where the highest stress components would be longitudinal, a low-viscosity cyanoacrylate (Loctite 480) was used. This type of adhesive provides intimate contact between the parts and performs well in tension and compression. For the interface between the FSMA and titanium, a high-viscosity two-part epoxy (Loctite E-120HP) was used. Epoxies allow effective transmission of shear waves across interfaces due to their high viscosities, but perform relatively poorly in tension.
A pushrod was mounted to the steel reflector using a ball and socket connector to allow small relative rotations between the reflector and pushrod. The pushrod was supported by a low-friction linear bearing, and terminated by a flat aluminum target. Mounted concentrically with the circular target, a capacitive position sensor allowed the displacement of the actuator to be measured. The actuator and pushrod support were mounted independently on micrometer stages, which allowed 3-axis adjustment of their relative positions.
Using a specialized driver circuit, compressive pulses were generated by charging the active stack rapidly to its maximum rated voltage of 100 V, in approximately 20 µs. The charge was then allowed to drain off at a slower rate, over approximately 100 ms. Any resulting twin boundary motion resulted in a transverse displacement of the reflector end of the crystal, and hence an axial displacement of the pushrod, which was measured as pulses of both signs were propagated through the crystal. 
Single 15-mode Stack Configuration
For the single stack configuration shown in Figure 5 , the acoustic generator is a 15-mode piezoelectric stack (Physik Instrumente Model P-141.10), which produces an in-plane motion at the end face of the stack when a voltage is applied. The active surface measures 10 mm × 10 mm, and the length of the stack is 12 mm. Unlike the 33-mode stack, which could only be subjected to a positive voltage, the shear-mode actuator has a rated voltage range of ±250 V. The total displacement of the stack surface over this range is 10 µm in the absence of an external load.
A stepped horn is attached directly to the stack, and acts as a velocity transformer, amplifying the motion of the stack. The horn is made of titanium, with an impedance that is slightly below that of the piezoelectric stack, and slightly higher than that of the FSMA. The horn is coupled to the active surface of the stack using honey as a viscous couplant. Due to its high viscosity, honey transmits shear stresses effectively, but is much easier to remove than epoxies. In order to keep the horn in close contact with the stack, a rubber gasket is placed around the horn tip, and pulled toward the base of the stack using two screws. Figure 6 shows the assembled actuator with the gasket visible as the black element stretched across the two screws.
In order to drive the 15-mode stack, a different circuit was designed and constructed. The circuit is similar in operation to that of the circuit used for the dual stack actuator, but is able to generate bipolar pulses over the full range of ±250 V for which the stack is rated. This circuit is also able to drive the dual stack actuator with pulses of 100 V.
RESULTS AND DISCUSSION
Dual Stack Configuration
The crystal used for this experiment was of the composition described above, with a length of 7.5 mm, and a cross section of 7.3 mm × 6.2 mm in the 100 and 110 directions, respectively. The crystal had been cycled extensively, using a quasi-statically increasing magnetic field (B max = 6 kG), prior to acoustic actuation. After undergoing repeated cycling, a region extending 5.4 mm from the base of the crystal, approximately 72% of its length, was observed to transform readily and completely between the two variants. Above this line, twin boundaries had become pinned, due to the nucleation of twin boundaries on a different set of twin planes. Despite the pinned boundaries, the active part of the crystal was found to actuate successfully upon the application of acoustic pulses. It was noted that the actuation in one direction was significantly faster than in the other. Subsequent examination of the apparatus after disassembly revealed that, parallel to and approximately 1 mm below the active surface of one of the stacks (Stack B), the ceramic end plate had cracked through the entire width of the stack. Most likely, the failure of the stack resulted from tensile stresses caused by the dynamics response to the rapid actuation of the piezoelectric stacks, causing brittle failure. This flaw is the most probable explanation of the relatively poor performance exhibited in the direction associated with Stack B. Figure 7 shows the results for 100 V pulses from each stack, at a rate of 2 Hz. As shown in Figure 7 (a), a maximum total displacement of 574 µm was obtained, corresponding to approximately 7.7% of the total length of the crystal, and 10.6% of the 5.4 mm active length of the crystal. Stack B required approximately 1000 pulses to effect this displacement, while Stack A was able to reverse the strain in fewer than 200 pulses. In Figure 7 (b), the incremental displacement per pulse is plotted, highlighting the difference in performance between the stacks. Note that if the first 250 pulses for Stack A and the first 700 pulses for Stack B (i.e., the pulses for which significant actuation occurs) are compared, the average displacement per pulse is found to be 2.3 µm for Stack A, and 0.8 µm for Stack B. Obviously, we would expect the performance in both directions to be similar (i.e., about 2.3 µm per pulse) in the absence of the tensile failure of one of the stacks.
Single Stack Configuration
For the single 15-mode stack configuration, a crystal was used with the same composition as above, and dimensions of 12.5 mm × 5.8 mm× 4.3 mm ( 110 × 100 × 110 ). This crystal had been recently heat-treated, and had not been cycled extensively in a magnetic field prior to acoustic actuation. For this reason, the crystal exhibited several active regions, which increased gradually with each actuation cycle, but did not fill the entire crystal length.
Preliminary results of the first single stack experiment are shown in Figure 8 . Here, 600 pulses were generated in each direction, charging the stack rapidly from either -250 V to +250 V, or vice versa, depending on the actuation direction. It is apparent that the actuator performs similarly in both directions since there is a single acoustic source. While the total displacement obtained (1.9%) was significantly smaller than that observed in the case of the dual stack configuration, it should increase as the mobility of the twin boundaries in the crystal is improved by repeated actuation. 
CONCLUSION
In this paper, we have presented a new approach for the actuation of Ni-Mn-Ga crystals using transverse acoustic waves. Two separate methods for generating the acoustic waves were tested, one using a dual stack configuration, in which the longitudinal motion of 33-mode piezoelectric stacks are converted to transverse motion in the Ni-Mn-Ga by the geometry of their connection to the crystal, and the other using a 15-mode piezoelectric stack to produce transverse motion directly. Both methods were able to produce actuation of a Ni-Mn-Ga crystal. The dual stack configuration produced nearly the maximum theoretical shear strain in the crystal, at least over its active region. The single stack configuration produced much less shear strain, but we believe that this preliminary result can be improved in future testing, as we develop better techniques for preparing and conditioning the Ni-Mn-Ga crystal.
